Studying development in diverse taxa can address a central issue in evolutionary biology: how morphological diversity arises through the evolution of developmental mechanisms. Two of the beststudied developmental model organisms, the arthropod Drosophila and the nematode Caenorhabditis elegans, have been found to belong to a single protostome superclade, the Ecdysozoa. This finding suggests that a closely related ecdysozoan phylum could serve as a valuable model for studying how developmental mechanisms evolve in ways that can produce diverse body plans. Tardigrades, also called water bears, make up a phylum of microscopic ecdysozoan animals. Tardigrades share many characteristics with C. elegans and Drosophilathat could make them useful laboratory models, but longterm culturing of tardigrades historically has been a challenge, and there have been few studies of tardigrade development. Here, we show that the tardigradeHypsibius dujardini can be cultured continuously for decades and can be cryopreserved. We report that H. dujardini has a compact genome, a little smaller than that of C. elegans or Drosophila, and that sequence evolution has occurred at a typical rate. H. dujardini has a short generation time, 13-14 days at room temperature. We have found that the embryos of H. dujardini have a stereotyped cleavage pattern with asymmetric cell divisions, nuclear migrations, and cell migrations occurring in reproducible patterns. We present a cell lineage of the early embryo and an embryonic staging series. We expect that these data can serve as a platform for using H. dujardini as a model for studying the evolution of developmental mechanisms.
Introduction
Recent advances in molecular phylogenies suggest that two well-studied model organisms, Caenorhabditis elegans (a nematode) and Drosophila melanogaster (an arthropod), are more closely related to each other than previously expected ( Aguinaldo et al., 1997 , Giribet and Ribera, 1998 , Peterson and Eernisse, 2001 ,Copley et al., 2004 and Dopazo and Dopazo, 2005 . Both phyla are members of the Ecdysozoa, one of the two protostome superclades. Other ecdysozoan phyla could be valuable models to study the evolution of development, since such phyla may maximize the chance to make use of both the vast biological information and the techniques that have been developed in C. elegans and Drosophila. The other ecdysozoans comprise several of the least-studied animal phylaloriciferans, kinorhynchs, priapulids, nematomorphs, onychophorans, and tardigrades ( Fig. 1) . Fig. 1 . Evolutionary position of the tardigrades (Aguinaldo et al., 1997 , Giribet and Ribera, 1998 , Garey et al., 1999 ,Garey, 2001 , Peterson and Eernisse, 2001 , Copley et al., 2004 and Dopazo and Dopazo, 2005 . Protostome and deuterostome phyla are shown. Reprinted from Gabriel and Goldstein (2007) .
Figure options
The current problem with using the non-model ecdysozoan phyla for such studies is that very little is known about development in any of these groups. There have been some studies of embryonic development (Hyman, 1951 , Anderson, 1973 and Hejnol and Schnabel, 2005 ) and a few studies of developmental gene expression in these organisms (Panganiban et al., 1997 , De Rosa et al., 1999 , Grenier and Carroll, 2000 and Eriksson et al., 2005 ), but we lack basic developmental data such as reliable fate maps or cell lineages for ecdysozoans with stereotyped development outside of the nematodes (Goldstein, 2001 ) and arthropods (Hertzler and Clark, 1992 and Gerberding et al., 2002) . Tardigrades, also known as water bears, are a phylum of microscopic animals (Kinchin, 1994) . The adults are typically up to half of a millimeter long and transparent, comprising a head plus four body segments, each with a ganglion, musculature, and a pair of limbs. They are famous for cryptobiosis: a dehydrated tardigrade can survive for years in a form known as a tun, which resists extreme temperatures and pressures. Tardigrades are aquatic and marine organisms and are often found in water films on mosses (Ramazzotti and Maucci, 1983) . Fossil tardigrades from the Cambrian suggest that this is an ancient phylum (Müller et al., 1995) . Nearly a thousand species of tardigrades have been described to date (Guidetti and Bertolani, 2005) , and it is likely that several thousand more have yet to be discovered and described (Guil and Cabrero-Sañudo, 2007) . Tardigrades share many features with C. elegans and Drosophila that make them suitable lab models. They were, in fact, nearly chosen by Sydney Brenner instead of C. elegans, when Brenner was in search of a new model organism in the 1960's. Brenner chose instead the then little-studied C. elegans primarily because it has fewer neurons (S. Brenner, personal communication; Brenner, 2001) . Tardigrades are reported to have a small and constant cell number, and they have a simple body plan (Kinchin, 1994) . There have been only a few studies of tardigrade development. Most of the research on tardigrades concerns instead their systematics, ecology, physiology, and descriptions of new species (Kinchin, 1994) . Three important papers on tardigrade embryonic development were published before 1930 (Von Erlanger, 1895 ,Von Wenck, 1914 and Marcus, 1929 . These papers described normal development, based almost exclusively on fixed embryos. Early cleavages were reported to be nearly equal, and epithelia were reported to form early, beginning as early as the 5th to 6th round of cell division. Films of embryos produced bySchmidt (1971) contradict some of the claims that were made by these early authors. More recently, transmission electron micrographs and descriptions of some developmental stages have been published (Eibye-Jacobsen, 1997). Cell lineage and ablation studies have been reported for the tardigrade Thulinius stephaniae by Hejnol and Schnabel (2005) , who did not detect a stereotyped cleavage pattern that would allow cells to be reproducibly identified in early embryos. To lay the groundwork for future studies of tardigrade development, we have developed long-term culture and cryopreservation techniques for a tardigrade species, Hypsibius dujardini. H. dujardini adults are optically clear, with much of their anatomy visible by light microscopy (Fig. 2) H. dujardini was kept in culture for six years by Ammermann (Ammermann, 1967) . We show here that they can be cultured continously for decades and cryopreserved, and that their genome size, rate of sequence evolution, generation time, and pattern of early development can make them suitable model organisms for studying how development evolves. We report a cell lineage of the early embryo that features a stereotyped pattern of nuclear migrations, asymmetric cell divisions, and cell migrations, and an equivalence group. To further develop an infrastructure for future work on this organism, we describe development in an embryonic staging series. 
Culture methods
H. dujardini was collected by R.M. on 13 November 1987 from a benthic sample of a pond in Darcy Lever, Bolton, Lancashire, England (British National Grid Reference SD741078). Monoxenic cultures were maintained in 250 ml Erlenmeyer flasks containing 150 ml of Chalkley's Medium (5 ml of each of the following stock solutions per liter in dH20: NaCl, 2 g/100 ml dH20; KCl, 0.08 g/100 ml dH20; CaCl2, 0.12 g/100 ml dH20) enriched with 2% soil extract (soil extract is the supernatant of 1 part fertile, humus-enriched soil to 2 parts tap water autoclaved and allowed to settle for a few days), and fed 3-5 ml per culture of concentrated cells from a Chlorococcum sp. culture. Subcultures were generated as cultures peaked, every 4-6 weeks. Cultures were maintained at 10-18 °C in a 14 h light/10 h dark cycle. For collecting embryos in the laboratory, small cultures of tardigrades were kept in 60 mm glass Petri dishes in commercial bottled spring water (Crystal Geyser or Deer Park) at room temperature in a shaded location. These cultures were fed Chlorococcum sp. algae and water was changed once every ten days. Hundreds of tardigrades per Petri dish can be reared continuously in the lab at room temperature in this manner.
Microscopy and lineaging
For live imaging, H. dujardini embryos were mounted on uncoated glass microscope slides in bottled spring water with glass microspheres (diameter 49.21 ± 0.72 μm, range 47.0-51.4 μm, Whitehouse Scientific) used as spacers. 4-D differential interference contrast (DIC) microscopy was carried out on a C2400-07 Hamamatsu Newvicon (Hamamatsu Photonics) or a SPOT2 (Diagnostic Instruments) camera mounted on a Nikon Eclipse 800 microscope (Nikon Instrument Group). Images were acquired at 1 μm optical sections every 1-5 min during embryogenesis and analyzed with either 4D Viewer (LOCI, University of Wisconsin, Madison) or Metamorph v. 6.3r5 (Molecular Devices). Some images were false-colored using Adobe Photoshop 7.0. Embryos were filmed starting either from very early stages (meiosis-16 cell stage) through at least initiation of segmentation (∼ 20 h of development) (n = 19 for the staging series and 4 for lineaging, seeMovie S1); or from the initiation of segmentation to hatching (n = 9, see Movie S2). Lineages were reconstructed by recording the time and orientation of each cell division in each recording. A program was written in BASIC to draw out the lineage with error bars using data pasted from an Excel spreadsheet. Scanning electron microscopy was performed as before (Gabriel and Goldstein, 2007) .
DAPI staining
Embryos were removed from the parental exuvia by slicing with 25 gauge hypodermic needles and then fixed in absolute methanol for 20 min at 4 °C, followed by a 90%-70%-50% methanol series at room temperature (RT). Embryos were then post-fixed in 4% paraformaldehyde in 0.5× PBT (0.5× phosphate buffered saline with 0.05% Triton X-100) for 10 min at RT. Sonication was carried out in this fixative on a Branson 250 sonifier at an amplitude of 2.2 with a constant duty cycle for 4 pulses of 5 s each, with 15 s recovery on ice between each pulse. Embryos were then allowed to recover for 15 min on ice followed by 5 washes of 5 min each in 0.5× PBT. DAPI (5 μg/μl) was added to the next wash of 20 min, followed by two subsequent washes of 5 min each. Embryos were then mounted on slides that were coated in 0.2% gelatin, 0.02% chrome alum, 0.1% polylysine, and 1 mM azide.
Genome size calculation
The haploid nuclear genome size of H. dujardini was estimated by Feulgen image analysis densitometry (FIA) and flow cytometry (FCM). For FIA, specimens were air-dried whole on microscope slides and stained according to the protocol of Hardie et al. (2002) . Briefly, slides were post-fixed overnight in 85% methanol, 10% formalin, 5% glacial acetic acid, rinsed in running tap water, and hydrolyzed for 2 h in 5 N HCl before a 2-h staining in fresh Schiff reagent and a series of tap water, bisulfite, and distilled water rinses. A total of 75 nuclei from three individuals were analyzed densitometrically using the Bioquant Life Science v8.00.20 image analysis program and compared against the integrated optical densities of hemocyte nuclei from D. melanogaster Oregon R strain (1C = 175 Mb) and Tenebrio molitor (1C = 510 Mb). FCM estimates were performed on two samples of tardigrades following the protocol of De Salle et al. (2005) as follows. A sample of live tardigrades was centrifuged and the collected animals added to 2 ml Kontes dounce tissue grinders containing Galbraith buffer. A head from an individual of D. melanogaster was added to each tube and ground gently with the tardigrades to free nuclei before being filtered through 30 μm nylon mesh to remove debris. Propidium iodide (50 μl at 1 mg/ml) was added to both tubes and allowed to bind to the DNA for approximately 2 h. The co-stained H. dujardini and D. melanogaster nuclei were analyzed using a BD FACSCalibur flow cytometer at 488 nm laser excitation. Roughly 5000 tardigrade nuclei were analyzed per sample.
Phylogenetic analysis
For all genes other than 18s rDNA, we queried the H. dujardini sequences in Genbank using BLAST to identify sequences corresponding to genes that are present in D. melanogaster, C. elegans, and Homo sapiens. For 18s, we used sequences available from Genbank and prior studies ( Garey et al., 1999 and Nichols et al., 2006) S6 (RpS6) . With the exception of 18s, the evolutionary distances among these taxa made nucleotide alignments problematic. We therefore translated all coding sequence and performed protein alignments using ClustalW (Thompson et al., 1994) . All alignments were visually inspected. These were analyzed using the Bayesian approach for phylogeny estimation implemented in MrBayes version 3.1.2 (Huelsenbeck and Ronquist, 2001), which uses a Markov Chain Monte Carlo algorithm (MCMC) for exploring the credibility of any particular phylogenetic tree. After specifying the appropriate model (see below), we analyzed each gene independently and all genes as a concatenated sequence. Any phylogenetic reconstruction using protein sequences requires the specification of a protein substitution matrix or model. To determine the most appropriate model in this particular case, we analyzed the data using four different commonly used protein substitution models: Dayhoff, Poisson, Jones, and mixed model, which is a fixed rate model empirically estimated from the actual data using a MCMC sampler (Dayhoff et al., 1978 ,Bishop and Friday, 1987 , Jones et al., 1992 and Huelsenbeck and Ronquist, 2001 ). For each protein substitution model and each sequence in our data set, we ran our MCMC for 50,000 generations (sampling the chain every 20 generations) after a burn-in of 10,000 generations. Of the 19 genes analyzed, five showed inconsistent topology among the models. For three of the five showing inconsistent topology, the credibility values were below 80 -the nominal threshold for Bayesian analyses -and thus considered unresolved by all models. As for branch length, the Poisson model showed a higher degree of inconsistency with the other three in branch length, though branch lengths were usually consistent. The concatenated tree produced topologically identical trees under all models and little variation in branch length. In general, the estimated mixed model performed best and was used for subsequent analyses. For 18s, we used a Generalized Time Reversible model and gamma distributed rate variation. For each gene, we ran the MCMC for 1,000,000 generations after an initial burn in of 250,000 generations. We sampled the chain every 100 generations. Trees were summarized in MrBayes and then visualized using TreeView (Page, 1996) . As noted above, 80% credibility score was considered support for a particular node. Our null hypothesis of equal rates of amino acid evolution implies that the ratio of rates of amino acid change between two taxa should be around one. To test this null, we compared the number of genes with branch length ratios above and below one for each pair of taxa. A simple χ 2 test was then used to compare the counts from the two groups.
Results

Identification of a suitable tardigrade species
We attempted to identify a tardigrade species with optically clear embryos, so that we could follow cell divisions by optically sectioning live embryos using differential interference contrast (DIC) microscopy, and with small embryos and fast embryonic cell cycles, as this can suggest a small genome (Gregory, 2001) . Several strains from biological supply companies and wild strains were examined. DIC recordings of embryos produced by one culture (see below) revealed that the embryos are clear, about 60 μm long, and early embryonic cell cycles are less than 1 h in length at room temperature. We sent a sample of this culture to Dr. Roberto Bertolani, who identified the tardigrade as H. dujardini (R. Bertolani, personal communication), a cosmopolitan, moss, and freshwater-dwelling species named after the French biologist Félix Dujardin (Doyère, 1840 and Kinchin, 1994) . H. dujardini is a parthenogenetic species, with females laying eggs that undergo meiosis and then restore a diploid chromosome number by reduplicating chromosomes, rather than by fertilization (Ammermann, 1967) . Males have also been described, suggesting that some populations of this species may reproduce sexually (Ramazzotti and Maucci, 1983) . H. dujardini forms cryptobiotic tuns that can survive dessication if initially dehydrated slowly at high relative humidity ( Wright, 1989 and Wright, 2001 ).
H. dujardini can be maintained in culture, has a rapid life cycle, and can be cryopreserved Long-term culture of tardigrades has historically been a challenge (Ramazzotti and Maucci, 1983 , Bertolani et al., 1994 , Kinchin, 1994 and Altiero and Rebecchi, 2001 . One of us (R.M.) collected tardigrades from a pond in Bolton, Lancashire, England in 1987, and has maintained descendants of the original collection in culture continuously for the past two decades. Stocks are maintained in glass Erlenmeyer flasks and are fed a non-motile unicellular alga in the genus Chlorococcum. Smaller stocks of several hundred animals can be maintained similarly with ease in 60 mm glass Petri dishes (see Materials and methods). Each adult produces approximately 3 embryos per laying (mean = 3.4 ± 1.9 SD, range 1-10, n = 1411 embryos). Embryos are laid during molting, with the embryos deposited in the shed exoskeleton, called an exuvia, and the adult crawls out of the exuvia soon after producing embryos (Fig. 2) . Embryos develop in the cast off exuvia until hatching occurs 4 to 4.5 days later. We found that the generation time is 13-14 days at room temperature (mean 13.6 ± 0.8 SD, n = 67), which is consistent with an earlier estimate of 10-14 days (Ammermann and Bosse, 1968) . A previous success with short-term freezing (Bertolani et al., 2004) suggested that a long-term freezing protocol might be possible. We tested a modification of an existing C. elegans freezing protocol (Stiernagle, 2006) , adding glycerol to 15% to a mixed-stage Petri plate stock of tardigrades, and freezing aliquots slowly to − 80 °C by freezing in a closed styrofoam box. We found that cultures could be re-established from such frozen aliquots upon thawing 51 days later or 365 days later, with roughly 50% of the individuals from mixed-stage cultures surviving in each case.
H. dujardini has a compact genome
H. dujardini has 5 pairs of chromosomes (Ammermann, 1967) . To determine the size of the H. dujardinigenome, we performed Feulgen image analysis densitometry (FIA) and propidium iodide flow cytometry (FCM). FIA and FCM estimates were in agreement, suggesting a haploid genome size of ∼ 75 Mb for H. dujardini. Twenty other tardigrade species have been assessed for genome size to date, but none have exhibited a genome quite this compact (range: 80 Mb to 800 Mb) ( Bertolani et al., 1994 , Bertolani et al., 2004 and Gregory, 2007 . The H. dujardini genome is among the smallest so far identified for animals, less than half the size of the D. melanogaster genome (Fig. 3 ) and three-quarters as large as that of C. elegans. The only metazoan genome sizes reported to exceed this level of compactness are found in some nematodes (as low as ∼ 30 Mb), the placozoan Trichoplax adhaerens (40 Mb), gastrotrichs (≥ 50 Mb), sponges (≥ 60 Mb), some polychaete annelids ( ≥ 60 Mb), and the larvacean Oikopleura dioica (70 Mb) (Gregory, 2007). H. dujardini has had a typical rate of protein-coding sequence evolution C. elegans protein-coding sequences have evolved at an unusually fast rate, whereas Drosophila sequences have evolved at a rate more typical for metazoans ( Aguinaldo et al., 1997 and Mushegian et al., 1998) . To determine relative rates of protein coding sequence evolution, we made use of the expressed sequence tags and genome survey sequences in Genbank contributed by M. Blaxter and colleagues, comparing patterns of amino acid evolution at 21 protein coding genes shared between H. dujardini, D. melanogaster, C. elegans, and H. sapiens. Given the evolutionary distances between these taxa, however, we first constructed a phylogenetic tree from both concatenated sequences of 21 protein coding genes and 18s rDNA to assist in our molecular evolutionary analysis ( Fig. 4; Fig. S1 ). We then analyzed the rates of protein evolution for these 21 protein coding genes, using H. sapiens as an outgroup. Fig. 4 . H. dujardini has had a typical rate of sequence evolution. 18s rDNA phylogenetic tree is shown. Bayesian methods employing a Generalized Time Reversible model and gamma distributed rate variation were used for the reconstruction. Nodes below 80% credibility are considered unresolved and were collapsed. Inset: analysis of protein-coding sequences. Box-and-whiskers plot shows the smallest observation, lower quartile, median, upper quartile, and largest observations for branch lengths to the common ancestor of the three species, from 21 protein-coding genes analyzed. Figure options Our 18s data does not resolve the C. elegans, D. melanogaster, and H. dujardini polytomy (Fig. 4) , nor does the concatenated sequence tree (Fig. S1 ). Among the 21 protein-coding genes we analyzed, this pattern was largely maintained with a slight bias towards grouping C. elegans and H. dujardini together (Fig. S1 ). This pattern generally held regardless of the model of protein evolution we used (see Materials and methods). Branch lengths -which reflect the rate of amino acid evolution -were also consistent across models, except for the few cases where the phylogeny could not be adequately resolved under a particular model. We then compared the ratio of the branch lengths of H. dujardini to C. elegans and H. dujardini to D. melanogaster for each gene (Fig. 4) . If the rate of evolution is constant, we expect the mean ratios to be around one. We found that H. dujardini to C. elegans deviates in the direction of longer C. elegans branches significantly (χ 2 = 3.857, p = 0.0495), and H. dujardini to D. melanogaster does not deviate (χ 2 = 0.048, p = 0.8273). We conclude that the rate of protein evolution in H. dujardini is similar to that in D. melanogaster and, thus, like many other metzoan taxa.
H. dujardini has a stereotyped cleavage pattern
We generated multi-plane DIC recordings (Thomas et al., 1996) of H. dujardini embryos to examine embryonic development and to reconstruct a cell lineage through 7 rounds of cell division, to the ∼ 128 cell stage. Cell lineages were traced in four individual embryos, and the resulting lineage and data on variability between individuals are presented (Fig. 5) . Additional embryos were examined for several features that stood out among the four whose lineages were first traced-features including a stereotyped pattern of nuclear migrations that can predict the orientation of an embryonic axis, a stereotyped pattern of stem cell-like asymmetric divisions and division asynchrony, and an equivalence group of cells that ingress from the embryo surface to the interior. The variability was calculated by the formula for standard deviation using data from 2-4 embryos, and no error bar is included where measurements were only available from a single embryo. Ingression to the center of the embryo is indicated (green circles) at the time of ingression. Cells that ingressed became migratory and were not followed further in the lineage. For AVPpa and PVAap, which ingress in some but not all embryos (two open green circles), division times are drawn for cases where that cell did not ingress. Figure options To our knowledge, based on our observations to date, the early embryonic cell lineage does not have obvious homologies among other phyla, in the sense that the lineages of diverse spiralian phyla do (Hyman, 1951 and Anderson, 1973) . We therefore named cells based on their relationships to the embryonic axes, with capital letters A or P for the first two cells, and additional letters added to each cell's name based on the division orientations that produced the cell, an adaptation of the C. elegans cell naming system (Sulston et al., 1983) . Small letters were used after the first three divisions. By this convention, the degree of relatedness between two cells can be deduced from the cells' names, and the number of letters in a cell's name indicates how many rounds of division occurred to produce that cell (Fig. 5) . The first embryonic cell division produced an anterior and a posterior blastomere, as in C. elegans and most other nematodes (Malakhov, 1994) . In H. dujardini, this first division appeared to produce blastomeres of equal size. We were only able to assign anterior and posterior identity retrospectively, by examining embryos at elongation or examining where the pharynx, midgut, and hindgut formed later. The second division produced two dorsal and two ventral blastomeres of apparently equal size. We found that the future ventral side can be predicted as early as the four cell stage by the position of a stereotyped pattern of nuclear migrations. Nuclei of the anterior and the posterior ventral cells (AV and PV) migrated toward each other, becoming nearly apposed to neighboring plasma membranes near the ventral-most part of the embryo. Mitotic spindles appeared by DIC microscopy to form where the nuclear envelopes disassembled, at an eccentric position in each ventral cell, and the resulting divisions were unequal, with two smaller cells (AVP and PVA) contacting each other on the ventral side of the embryo, and two larger cells (AVA and PVP) lateral to these (Fig. 5 and Fig. 6A ). The smaller cells repeated this stem cell-like pattern of divisions for two more rounds, with unequal divisions producing smaller cells that underwent nuclear migrations toward each other near the ventral surface in each round. These divisions appeared similar to those that produce germline precursors in C. elegans, in that the smaller cell resulting from each unequal division continued to divide unequally (Deppe et al., 1978) . Because these unequal divisions produced daughters with distinct behaviors -one daughter dividing equally and the other undergoing a nuclear migration and dividing unequally -we refer to these as asymmetric cell divisions. Six cells of the eight cell stage embryo had lineages with synchronous or nearly synchronous divisions through the ∼ 128 cell stage, whereas progeny of the two smallest cells of the eight cell stage (AVP and PVA) had distinctive cell cycle periods (Fig. 5) . This was likely caused primarily by regulating the length of interphase rather than mitosis in specific cells, as the interval from cytokinesis to the following nuclear envelope breakdown varied between cells much more so than did the interval from nuclear envelope breakdown to the following cytokinesis (mean ± SD of 63.1 ± 21.7 min and 17.1 ± 2.7 min, respectively, among cells measured between the 5th and 6th round of division in an embryo). The pattern of stem cell-like divisions resulted, at the 32 cell stage, in two small cells with nuclei apposed to neighboring plasma membranes near the ventral surface (AVPpp and PVAaa). These two cells invariably moved into the center of the embryo at the 60 cell stage (7/7 embryos). One other cell moved into the center of the embryo before this pair-the sister cell of either the anterior (3/7 embryos) or posterior (4/7 embryos) small cell, either AVPpa or PVAap (Fig. 5 and Fig. 6B ). We conclude that either AVPpa or PVAap can adopt this behavior. Groups of cells whose fate assignments vary between individuals have been described before in a number of systems, and these are referred to as equivalence groups (Greenwald and Rubin, 1992) . In such equivalence groups, cell fates are often determined by Notch-dependent signaling between cells, in which one cell adopting a specific fate inhibits others from taking the same fate (Simpson, 1997) . Whether the AVPpa/PVAap equivalence group is resolved by intercellular signaling is not yet known. The fates of these early-ingressing cells are not yet known, although cells in the positions that these cells take have been called germ cell precursors by others (Marcus, 1929 and Hejnol and Schnabel, 2005 ).
An embryonic staging series
To provide a description of embryonic development and a standard basis for future studies on H. dujardiniembryogenesis, we generated a staging series based on 4D videomicroscopy of 28 live tardigrade embryos (see Movies S1 and S2 for single plane views of examples) combined with DAPI staining of fixed embryos to reveal nuclei. Times below are given in hours post laying, and the time listed next to each stage heading is for the average time of onset for each stage. For embryos at the 1 to 16 cell stage (stages 1-5), timing of developmental events varied between embryos by no more 1.5 h; from 32 to 500 cells (stages 6-10), by no more than 3.6 h between embryos; and from stages 11 to 14 by no more than 6.7 h between embryos. For later stages, after muscle twitching starts, it is often more difficult to pinpoint the exact time of onset of developmental events, and a range of times is given for these stages.
Stage 1, one-cell (0-2 h post laying (hpl)) H. dujardini females produced broods of embryos approximately every 10 days under rearing conditions used. Females laid one-cell embryos, and the embryos completed meiosis after they had been laid. The mother generally exited the exuvia before her embryos completed meiosis. Embryos laid in a single cuticle had roughly synchronous developmental timing. Embryos appeared optically clear under differential interference contrast (DIC) microscopy. Embryos appeared isolecithal, with yolk granules uniformly distributed. During meiosis, individual chromosomes (2n = 10) could be visualized as clearings in the yolk granules by DIC microscopy ( Fig. 7A; Fig. S2 ). The first cleavage appeared total, and the plane of cytokinesis was generally perpendicular to the long axis of the embryo, dividing future anterior from posterior (Fig. 7B) . The two daughter cells produced were visually indistinguishable. Yolk granules appeared to be evenly distributed during this and subsequent cell divisions. Nuclei were visible as clearings in the yolk granules under DIC microscopy.
Stage 3, four-cell (∼ 3 hpl)
The second cleavage of each cell occurred roughly synchronously and was perpendicular to the first cleavage plane (Fig. 7C) . After division, the nuclei of the ventral cells migrated as described in the cell lineage section above. These two cells occupied the future ventral side of the embryo.
Stages 4-6, 8 to 32 cells (∼ 4-6.5 hpl)
Cell divisions continued to occur roughly synchronously, approximately once per hour, through the 32 cell stage. The cleavage pattern was radial, with most cleavage planes orthogonal to each previous division, producing a solid ball of cells, with no blastocoel evident at any stage (stages 4-6, Figs. 7D-F) . At the 32 cell stage (stage 6, Fig. 7F ), all 32 nuclei migrated apically. In the ventral cells, nuclear migrations and asymmetric divisions occurred as described in the cell lineage section above.
Stages 7-10, 60 to ∼ 500 cells (∼ 7.5-16.5 hpl)
The next round of cell division was roughly synchronous in all cells in the embryo except in the AVPp and PVAa lineages (Fig. 5 ). Four cells, the daughters of AVPp and PVAa, delayed division, resulting in a 60 cell embryo at 6.5-8.5 hpl (stage 7, Fig. 5 and Fig. 7G ). Three of the four cells with delayed cell division were the first to move to the center of the embryo, with either AVPpa or PVAap moving in first, followed by both AVPpp and PVAaa, at 7.5-8.5 hpl (stage 8, Fig. 7H ; Movies S3 and S4). This was the first directed cell movement that was visible in the embryo. These three cells were followed by approximately 30-40 more cells that moved from the ventral surface to the interior of the embryo during the next three rounds of cell division, at 12-15 hpl (stage 9, Fig. 7I ; Movie S3). As these movements occurred, the cell layer on the exterior of the embryo covered the ingression site by epiboly, forming a distinct epithelium, with no more ingressing cells apparent by 14-16.5 hpl (stage 10, Fig. 7J ; Movie S3). Cells in this external epithelium were columnar, with the nuclei occupying the extreme apical end of each cell. At this point, the embryo was composed of approximately 500 cells. Cell divisions throughout the embryo occurred less frequently after this point.
Stage 11, elongation (∼ 17 hpl)
Approximately 1 h after epiboly ended, the embryo began elongation ( Fig. 8A ; Movie S5). In this process, which occurred over approximately 3 h, the spherical embryo lengthened within the eggshell, resulting in a comma shape. At this point, anterior could be distinguished from posterior, with the developing anterior region forming the head of the comma, and the posterior region forming the tail of the comma. The elongated embryo consisted of an inner tube of cells, surrounded by an outer layer of cells, and based on their positions and following an endodermal marker (Gabriel and Goldstein, 2007) , we speculate that these layers most likely contribute primarily endomesodermal and ectodermal derivatives, respectively. Fig. 8B ; Movie S5). Pouch formation occurred in a posterior to anterior progression, with formation of the anterior-most pouch completed approximately 20 min after the posterior-most pouch formed. This was the earliest evidence of segmental differentiation that was visible by DIC microscopy, and it is accompanied by segmentally iterated expression of Engrailed and Pax3/7 homologs in the ectoderm (Gabriel and Goldstein, 2007) . The endomesodermal pouches appeared to separate from the tube and form bilaterally paired structures. Within 30 min to 2 h of pouch formation, the ectoderm began to constrict in the posterior of the embryo at positions in register with the boundaries of the endomesodermal pouches at 22-26 hpl (stage 13, Fig. 8C ;Movie S6). These boundaries appeared to correspond to the sites of the segmental boundaries seen just before hatching.
Stage 14, limb bud formation (∼ 26 hpl)
Limb buds began as lateral outgrowths of the ectoderm from either side of each segmental unit at ∼ 26 hpl ( Fig.  8D ; Movie S6). We could not detect any cell division occurring in this region at this time. When the limb buds were fully extended (32-33 hpl), each limb bud had a radius of 3-4 cells (∼ 10 μm) and a length of 5-6 cells (∼ 18 μ m). Except for the growth of claws, the limbs did not appear to differentiate further prior to hatching. Prior to the start of limb bud formation, after the ectoderm became segmented, cells detached from the surface of the embryo into the vitelline space at numerous sites. This continued until the end of limb bud growth, by which time the embryo became enclosed in a cuticle that excluded the detached cells. Loose cells were seen in the vitelline space of embryos that were filmed, and in stage 14 embryos that were mounted without previous filming, suggesting they are not artifacts of filming.
Stage 15, pharynx and buccal apparatus (∼ 28.5-38.5 hpl)
The pharynx and buccal apparatus that will ultimately comprise the feeding structures in H. dujardini were first visible as distinct structures at this stage (Fig. 9A) . The buccal apparatus was first visible as a sphere of cells that pinched off from the anterior-most portion of the stomodaeum. The pharynx was visible as a sphere of cells immediately posterior to the buccal apparatus, also forming from the stomodaeum. Both pharynx and buccal apparatus consisted of 1-2 cell layers when they were first formed. The ganglia were visible as four aggregations of cells along the ventral side, medial to and in register with the pairs of limb buds (Fig. 9B) . The midgut could be seen as a distinct structure, dorsal to the limb buds. Endodermal identity of the midgut cells could be confirmed by the presence of birefringent granules (Gabriel and Goldstein, 2007) . Stage 17, muscle twitching, stylets, claws, Muscle contractions began ∼ 15-25 h after limb buds had formed. Peristalsis of the midgut was the first visible contractile behavior. By approximately 5 h after peristalsis began, the embryo was rotating inside the eggshell. Claws also first appeared at this stage. Eyespots were visible as two small, black dots lateral to the developing pharynx ( Fig. 9C ; Movie S7). Stylets could first be distinguished in the developing buccal apparatus by birefringence.
Stage 18, pharynx and buccal apparatus morphologically distinct (∼ 52-65 hpl)
The pharynx and buccal apparatus became distinct structures that consisted of 1-4 layers of cells and appeared to be bound by basal lamina (Fig. 9D) . By this stage, the stylets had grown to almost the length of the buccal apparatus and were occasionally seen protruding from the mouth.
Stage 19, hatching
Embryos hatched 4 to 4.5 days after being laid. The embryo appeared to use its stylets to puncture its eggshell, after which the newly hatched tardigrade crawled out of the opening near the mouth, into the parental exuvia, and then out of the exuvia. The juveniles began walking and feeding after hatching (Movie S8).
Discussion
In this report, we have introduced the tardigrade H. dujardini as a new model system for studies on evolution of development. We have described characteristics that make H. dujardini a useful laboratory species, including ease of maintaining stocks and a short generation time. We have shown that H. dujardini has a compact genome, making it an attractive candidate for genome sequencing, as no tardigrade genome has yet been sequenced, and that the inferred rates of sequence evolution for this species are typical. To provide a standardized description of embryonic development for this species, we have generated a cell lineage and a staging series of 19 embryonic stages. Additionally, we have developed laboratory techniques to study this species including 4D videomicroscopy, fixation and DAPI staining protocols, and an embryo immunostaining protocol (Gabriel and Goldstein, 2007) . Together, this information provides a platform for further studies using H. dujardini as a model for studying the evolution of development. Developing methods to disrupt gene function will be an important step to making further use of H. dujardini as a model organism. Reverse genetic tools such as RNA interference and morpholinos are worth testing, but given the 13-14 day generation time of H. dujardini and the ease with which animals can be cultured and cryopreserved, forward genetic approaches may be feasible as well. It would be useful to be able to both maintain clonal organisms and cross-fertilize organisms as needed, but only parthenogenetic females have been recognized in our cultures to date. Males of H. dujardini have been described by others (Ramazzotti and Maucci, 1983) but do not appear to be present in our cultures. It may be possible to find specific conditions under which males can develop, although to our knowledge, there are no reports of facultative parthenogenesis in tardigrades. Alternatively, it may be possible to backcross males from other populations of H. dujardini to generate males in our stock. We have recognized early indicators of the dorso-ventral axis in H. dujardini embryos. This has allowed us to align embryos between individuals and, as a result, recognize several stereotyped features in the early embryonic lineage. For example, we recognized unequal cell divisions as invariably unequal only once embryos could be considered from a consistent orientation, allowing cells to be identified reproducibly. Previous studies of development in another tardigrade species did not find reliable markers for orienting the early embryos (Hejnol and Schnabel, 2005) . Hejnol and Schnabel called the cleavage pattern of T. stephaniae indeterminate. Could this be an artifact of a failure to recognize reliable early markers of the embryonic axes? This seems unlikely, as Hejnol and Schnabel (2005) could show that partial embryos produced by laser ablation could produce entire, small juvenile tardigrades, suggesting that cell fates are not determined early in this species. We suggest instead that H. dujardini has a more stereotyped pattern of early divisions than does T. stephaniae, and that cell fates may be determined earlier in H. dujardini. Performing similar laser ablations in H. dujardini will be useful to test this hypothesis. Variations in cell fate specification mechanisms between taxa have been seen previously in other phyla (Félix and Barrière, 2005) .
Although H. dujardini and T. stephaniae are similar in many aspects, their embryos exhibit some interesting differences in modes of gastrulation and germ layer formation. During gastrulation in H. dujardini, cells appear to move to the interior of the embryo through a single opening, whereas cells of T. stephaniae also ingress through a separate, posterior opening and then move to the surface, filling the opening (Hejnol and Schnabel, 2005 ). The blastopore opening in H. dujardini, on the other hand, is closed by epiboly of the ectodermal cells. Another notable difference exists in the mode of formation of mesoderm in these two species. While in H. dujardini at least some of the mesodermal cells form from the endomesodermal pouches we have described, Hejnol and Schnabel (2005) described the formation of mesodermal somites in T. stephaniae embryos from precursors immediately under the ectoderm that were never associated with endodermal cells. The H. dujardini mode, thus, seems more similar to the formation of mesoderm by enterocoely as described by von Erlanger (1895) and Marcus (1929) . This is an interesting difference, and one that is unlikely to be an artifact, since descriptions of these processes in both species were made by detailed analysis of 4D DIC films. It will be of interest to examine whether this difference is accompanied by earlier mesodermal cell fate determination in T. stephaniae embryos than in H. dujardini by examining markers of germ-layer differentiation in these species. The cell lineage we have produced extends about as far as ascidian, leech, and almost any metazoan cell lineage outside of the nematodes in terms of number of rounds of division and number of cells (Sulston et al., 1983 , Nishida, 1997 , Weisblat et al., 1999 and Houthoofd et al., 2003 , but it lacks an important feature of these other lineages-the identification of the fate of each cell. Previous authors have assigned cell fates in tardigrades based on embryonic cell positions before tissues could be unambiguously identified (Marcus, 1929, for example) . To avoid guesswork, clear markers of cell fates in lineage-traced embryos are needed. We have found, for example, that an enrichment of alkaline phosphatase activity and birefringent granules are early markers of endodermal cells (Gabriel and Goldstein, 2007) . However, a gap remains between the furthest we have traced lineages to date (the 8th round of division in most but not all lineages) and when these markers appear (W.N.G., S.K.P. and B.G., unpublished). Cleavage-arrest (Whittaker, 1973) or injection of cells with lineage tracers (Weisblat et al., 1980) may be useful ways to bridge this gap in the future. We have found that H. dujardini has a compact genome. Given that genome size is among the criteria considered important in the future choice of both complete sequencing targets (Gregory, 2005) and developmental models ( Jenner and Wills, 2007 and Milinkovitch and Tzika, 2007) , H. dujardini may be well poised to make contributions to an improved understanding of tardigrade biology and cryptobiosis in particular and of genomic and developmental evolution more generally. Tardigrades may additionally serve as a useful outgroup to large groups of existing evolutionary developmental models among the arthropods and the nematodes, providing another source to help identify the ancestral states of evolutionary changes that have occurred within the arthropods or within the nematodes. Study organisms chosen in evolutionary developmental biology are often satellite organisms of a specific, wellstudied developmental model. The well-studied model can provide a rich source of information about which genes control morphology. This has been a very successful starting point for identifying the evolutionary changes to developmental mechanisms that have driven morphological evolution (for reviews, see Davis and Patel, 2002 and Carroll, 2005) . Which genes control morphology can change through evolution, so this strategy is generally more difficult to implement as evolutionary distance from a model increases. By choosing an organism that is a satellite of two well-studied models, it is our hope that in the long run, the genes that control morphology through evolution can be identified more reliably over a large evolutionary distance and that this can help make unique contributions to understanding morphological evolution.
Note added in proof
The NIH National Human Genome Research Institute has recently approved sequencing of the H. dujardinigenome by the Broad Institute's Genome Biology Program. Appendix A. Supplementary data Fig. S1 . Concatenated gene tree (upper left) and five representative gene trees from among 21 genes that were phylogenetically analyzed. Trees were built using a Bayesian approach (see Materials and methods). Any node with credibility score below 100% is annotated. Nodes below 80% credibility are considered unresolved. Branch lengths are noted on the concatenated tree as mean numbers of amino acid substitutions per site, and scale bars for mean numbers of amino acid substitutions per site are shown for the five representative gene trees. As concatenated sequence trees can be problematic (Edwards et al., 2007 and Kubatko and Degnan, 2007) , we used the concatenated sequence tree only for illustration purposes and not for the analysis of rates of amino acid evolution. 
